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ABSTRACT

The adhwion of optically polished surfaces - "optical contact" - was investi-
gated both undor room conditions and ultrahigh vacuum with the twofold objective
of d4term;ning tha adhesion mechanism and Its characteristics and extanding the
t-.hiological applicot;".s. It is shown that optical contact adhesion occurs readily
under ulhjhioh vacuum, thus demonstrating that the widely held liquid layer theory
Is not complete. Adhesion mecl-anisms are discussed, and it is concluded that London
dispersion farces are responsible for the adhesion under ultrahigh vocuum. For opti-
col contacts rmcci undor room conditions, surface tension of a liquid layer probably
also contributes. It Is shown that optical contact techniques can be used to obtain
extremely efficient transducer - sample bonds for gigacycle ultrasonic work. Re-
flections as low as 1% of the incident acoustic power were obtained at 3 GC and
9 OC. Techniques foi making such bonds are discussed. It is pointed out that the
Incorporation of evaporated metal flilm should enhance the properties of optical
contact bonds and ellminate some practical difficulties. The design and develop-
ment of a high vacuum evaporator are described.
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If two cl•'xn *plcl4ly Ph1lsh%-d surz ::.s cro bc.m h' .o InflrýWa c¢zntcti, l9yir will

often ,r-6re to =3 ThCel:r. ThIn l•ij+-1++,r.zz Is kr-+,n as " ce,:l ceatct.I Tr.

objectivm of etl FpTCzzt cfft czn L: a in' two train ..... (. c

sudels of the phr+ nz of optical cenfact, Incluifr. exp ' IiIt; atultrahlth vac-

uum, (2) lb. practical application of optical ccn.actinU techniques, e•-pciolly in

lth bonding of transducer-somple assemblies for g1acycle ultraonic studies.

Section I I discusses, in brief and general terms, commonly observed surface adhasion

phenomena, in order to set the stage for a specific discussion of optical contoat, and

the findings of the pr6sent study.

11. ADHESION METWEEN SOLID SURFACES

1. metals

It Is well known that metal surfaces can sieze or cold-weld if surface contamination
1.4

and oxide layers are either broken through machailcally or removed under vacuum .

A metollic bond Is formed between the pure metals thus brought Into contact which

Is presumably the some as the bond present in the bulk material. In the case of metals,

lhe area over which bonding occurs can become quite large due to plastic flow of ml-

croscopic jurface aperitieb. The application of smoll tangential streses Further en-

1,2,4
hances junction growth . The phenomenon of friction Is closely related to ad-

hodon. According to the theory proposed by Bowden and Tabor, metallic friction is

1,2
due to the shearing of mnicrowelds plus a contribution from mechanical plowing action
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2. Sritte SýIcs

In the c=~ of L~Eri solids, o::' znn are not to c!.;:wv -dJ.

area of intr.-ýt c.n,,1ct bz'VrvC>n 41 1. Is Is c Ir.-zt a !-Oas rlu-.a E-a:.z L e

the gcoi-ric area. If this area of inrtinct contact Is increazed by the Gpp•I VI•ýn

of a normal load, any microwelds which mGht be forfend would groraly be brckn

upon load removal, due to the rel, of elastic strc=-s in the bulk of the smtple.

Under extrome compressive forces, tufficiont to Induce plastic flow, some brittle sb-

stances such as rock salt can be rr=e to adhere Of pfoper crystallographic aliclrAnt

5Is provided) with strengthis comparable to bulk tensile strength . An excep4onoal

case is that of mica which when cleaved is molecularly srroth over rcther larg arms.

Adhesion between rejoined cleaved surfaces is readily cb-erved and has received can-
2,6,7,

sideroble attention . Both ionic and van der Waols Forces contribute to the

adhewsion, but the key factor is obviously the extreme fatnoss and consequent large

area of Intimate contact upon rejoining.

*The term "brittle solids" Is intended to Include ron-metallic Inorganic single crystals

and glasses. Specifically excluded from the discu.mlon ofa polycrystalline materials,

metals, plastics, elostomers, and other organic materias.
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3. Efk~ct of !iu!k tz k tchanI:mc; / =

The above rermirl Indicao 0,t lack of suflctiznt surfce ar= in Inrmfr contoct Is

the n-Ijn rca:n fkr th' paucM/ of adeslon a;.;:. oLrvcd w;. Lritla ;•lie gcs.

Anodiar ma=n hc to do wi-i" th3 type of bcdin which charactarizcs the solid. A

pure covalent bond is hl•ghly directional ard rcquires precise noor neighbor position-

Ing. PrecisG near neighbor positioning is also rquired in ionic solids bocause of the

alternating array of positive and negative ions. Thus, If two perfectly plana, and

Identical crystal faces of an ionic or covalent solid are brought into contact, the

possibility of ionic or covalent bonding across the interface would appear to b6 ex-

tremely remote since perfect crystallographic coincidence would be almost impossi-

ble to obtain. The metallic bond is considerably less sensitive to bond anglez and

deviation of the near neighbors from equilibrium positions, and this is an important

3
factor in the adhesion of metals,

111. OPTICAL CONTACT*

1. Characteristics

A careful observation of the optical contacting process reveals several interesting

features. As the clean polished fla.'s are brought close together first order inter-

ference fringes are observed, indicating the presence of an air wedge. These first
0

order colors go over to a uniform gray appearance at a separation of about 1000 A.

*For a description of optical contacting techniques see section IV, 1. and 2.
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If the separation Is docreazod furo},zr, a sudden seizuro of tho surfaces occurs ornd

the appearance Is a uniform black, indicating a roductkin in t6e cptical reflactlivty

of the intordace of s-varal orcdrs of njnitucda. According to Lc-d Rayloeih's r•z:zzuro-

ments, the optical reflectivity of an optical-contact bend is between 2 x 10-4 and

2 x 10-5, if the incident light intensity is taken as urtity8 . On this basis, he calcu-

lated that the average separation of surfaces in optical contact is between 10 and 30

This figure Is clearly too small, since the mean height of surface irregularities is at
00

least 100 A. The actual separation probably ranges from 0 to 200 A.

The tensile strength of an opto:al contact bond is surprisingly large. Lord Rayleigh

measured strengths up to 46 Kg/cm2  f 8). Several tests were made during the

course of the present studies using the apparatus shown in Figure 1. Special care

must be taken to eliminate vibration and to insure that the pull is normal to the plane

of the interface. Bond strength was approximately 14 Kg/cm2 far Z-cut quartz samples.

It was cbterved that breakage of an optical contact bond always occurs as a slow

progressive stripping initiated at some imperfection at the border of the contact

area. The area of non-contact would slowly grow larger over the course of several

minutes (no mo:-e welght being added) until only about 2/3 of the original area was

still in contact. At this point, sudden breakage would occur. Thus, the actual

tensile strength is probably many times greater than what is measured.

One possible means of measuring more accurately the adhesive strength of optical

contact is to use a well-polished convex lens of large radius and an optical flat.

The central block spot of the Newton rings formed when the lens is placed on top
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of the flat is an area of opAVcol contact. If t lns is tt into a rcc,:'i ration,

on* could prokily rolbta C', cdmpirg of 0113 zz~iallkn to t%* ac!,;zlva stranth.

This typ* of expzrlimnt would eliminate tha problom of a perfactly normal pull,

and would not be as sensitive to the presence of dust as is a straight tornile test.

This experiment could be done under a variety of environm jI conditions, including

high vacuum.

When an optical contact bond is made under normal room conditions, thore are

generally a few dust particles trapped between the surfaces. These dust particles

are easily detected if the interface is viewed at a glancing angle. They appear

as white specs against the black background. What one is actually seeing is the

area around the dust particle which is not in contact and hence has a much higher

optical reflectivity. Occasionally, a trapped dust particle is large enough for

some of the first order interference colors to appear, but this is usually not the case,

at least with the flats used in these studies (up to I inch diameter). Such large dust

particles usually prevented contact altogether. Appendix 1 describes some work on the

local stress induced in pyrex flats by trapped dust particles.

2. Liquid Layer Theory

Most authors cttribute the adhesive force of optical contact entirely to surface

tension of an extremely thin film of liquid (usually condensed water) at the inter-

face. Water from the atmosphere collects around hygroscopic impurities on
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surfaces. It has bzoon rcpýzrtcd that tE' cciuk.ont of about 20 ,rnokcc:r lyc
Is prc:ont at a relativa ':;.k•iy of CO"T ). Th atctin of two kat

parallel plates with a thin film of liquid botwcon thorn is given by the equation:

F =2TA (1)a -

where T Is the surface tension of the liquid, d is the separation of the plates, and
0

A is the area in contactI 0 . For a water film 1000 A thick, the adhesive force per

unit area is 15 Kg/cm2. McFarlane and Tabor studied the adhesion of glass beads

to flat glass plates for various liquid layers, and found a direct variation of

adhesion with surface tension . They reported no adhesion in air at a relative

humidity below about 50%.

One of the consequences of the surface tension theory is that the force of

adhesion between plates should disappear if the junction is surrounded by the same

liquid as produces th,9 adhesion. This effect has been observed in this laboratory

in several exper;ments using water. However, this is not considered conclusive

proof that surface tension of a liquid film is the sole mechanism of adhesion.

One of the first and most important objectives of the present work was to deter-

mine if covalent, ionic or van der Wools forces contribute to optical contact

adhesion. To do this, optical contacting experiments were carried out at ultrahigh

vacuum where water films could be readily eliminated or at least reduced to single

monolayer coverage, in which case tO liquid layer theory would clearly not

apply. These experiments are described in the next section.
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The vozi V.,:Zr~ I8 &'I=Onf sc'4zr--raticlcy in Fi~iz 2. Th-a 8 litzr ptr sc~cand

riaon Ion purp (Mbdel No. 911 -!CM Is connrctcd on the low vacuum s$ea

Ihrotch a staintua •,•e1, teflon satzd valvo to a Vac-Sorb pun~p (Varlan

Model No. 941-5510). On the high vacuum side, a bakeable valve (Varian

MWel No. 951M27) permits ioaftion of the pur-p. The test chamber and I

liter per second ion pump (Varian Model No. 913-..=3) are connected via a

glas seal-off tube to a larger Pyrex chamber. The system was mounted on a

specially constnuced bench with transilte top. The bakeable valve and test

chamber were located above bench level, the laige ion pump and Vac-Sorb

pump were located below. Bokeout of the system was accomplished by a 4MfOC

oven which could be lowered onto the bench top. Temperature was controlled to

within a few degrees by a Fenwall thermoswitch. Several different test chamber

"designs were experimented with. The final configuration Ix shown in Figure 3,

and photographs art given in Figure 4. In all of the ultrahigh vacuum experiments

performed, 1/4 Inch diameter Z-cut quartz rods and 1/2 Inch diameter Z-cut

quartz flats were used as samples.

b. Experimental Procedure

Before placing the sample rod and flat in the test chamber, the two were

optically contacted together. If micro;copic in:pection revealed the presence



of trapod 6.-s piarticles, tha cc-*,c wa L G%!c rcAd in trial

and orre. f1!-Men until a Lcý; yq"ioy, a:r~C ccn:2Z- 1 v~: 1 c'ýA'jnej. VTA

proc'idura irxu'rd that no dust collcctd on t}o optically pi.%"hd surfaces

during test chaunrr assembly and aitachnnt to +a rrain vacuum system. After

system ass-mzmy and pump-down to the 10-6 torr mng3, tb3 cptlcal contact was

broken by mzans of the manipulator rod, and the two surfc=s were held apart

during a 12 hour 4O0°C bakeout. After the system returnsd to room temperature,

the one liter per second ion pump was started and the tubulation from the test

chamber to the main vacuum system sealed off. The pressure in the test chanber

rapidly fell balow 8 x 10-9 torr*.

The manipulator rod was then used to bring the end face of tha rod into contact

with the flat. The Interference colors could be viewed through the rear end of

tho Pyrex test chamber, and thus the progress to optical contact could be checked

In much the same manner as when one makes contacts undar normal room conditions.

*Pressure was determined by monitoring the Ion pump current, and using a

conversion chart supplied by the manufacturer. 8 x 10-9 torr Is approximately

the lower limit using this method. The actual pressure was probably consider

ably lower.



of1 flhT 1/4 Ln'<ý e'L:1:.2:C? mc~cAr t4 a e&t rf:r~ca t~.l~ tz ; 11-1 - Lu-.

As~ a raii t!:.a evt WC3 2~. to t: Lo fýtC~nz

Pgr *45. T!.-, cp-r places of t.%o s6c!old were polizzl!.d and ndtz to provids

an Intl =t fit. In a suu~s;uent experirmnt, optical contact was rnad ovor the com-

plate area. The effact was quite striking, a sucdton selzuro occurring is soon as a

certain critical sc~vratlon was reached. Contact was brokon and rerrnde sevoral

times with no di~flculty. It was not posIibla to accurately measure the adhesive

strength under vacuum, since a precise normrl pull Is required, but it was at least

2 2
a few kg/cm . WhV removod from the vacuum system, a force of 14 kg/cm was

required to brek thle bond, which is the saom as for contacts mode in air. Since

optical contact bonds are good vacuum seals 13, it is unlikely that water could

have penetrated the interface and formed on adhesive film.

*We were rather surprised to find that dust collected on the surfaces even after high

vacuum was established. We performed some experiments at ultrahigh vacuum to

study the mobility of dust particles using the rod and flat, so to speak, as a *dust

detector." It was found that a gentle tapping of the test chamber wall caused dust

particles to change their positions and brought additional dust onto the surfaces.

These simple experiments are of some significance since they show that dust parti-

clo ore quite mobile and can be dislodfod by minor shock and vibration. This

should have a bearing on thin film evaporation work, where dust particies cause

pinholes, and In crewas far afield as the question of dust mobility on the moon.
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c. An~alysis of Ratulft arA' Critqu3 of Lcy -L;r T

in OnQ4"1er e: ',' t~ Sz-n" [_- cz*ia C"3 v:Zs lt'.icJ CXC"-'7't

tat t,.r C •.z s allowed for pumnVevn Lte tl;• L.1z cycle was initictod.

Tiw pressure hed fallen to a steady value of 6 x 10 torr. %,1-nn the optical contact

between the rod and flat was brokaen, it was noted teat a :+ll burst of gas was re-

leased causing the pressure to rise sharply from 6 x 10 -"tor to 15 x 10"-8 tort and

then return to 6 x I O"torr. It can be assumed that any wvatr layer present would
Immediately eveporate when the surfaces were expced b tha vacuum14. On this

assumption, a simple calculation shows that the gas burst w',s equivalent to only

1/100 of a monolayer coverage. The gas release was pr62!y duo largely to th3

flexing of the bLlows which occur when tha manipulator rod is pulled back to

break the contact.

This evidence, together with the experiments where optical contact was made under

ultrahigh vacuum, have demonstrated that the liquid layer thcory is not complete.

There exist forces between highly polished surfaces which of themselves are suf-

2
ficient to produce adhesive strength of a few kg/cm . It appears most likely that

for optical contact bonds made under room conditions, two mechanisms are present-

sur&-~e tension of a water film enhancing an independent attractive mechanism. In

support of this, some experiments were performed with thin disks contacted on one

edge to large flats. It was observod that if the surrounding atmosphere was saturated

with watir vapor, th. contact area would Increase, thus indicating that surface

tension of condensed water tends to pull the disk into closer contact with the flat.



'a~~~j L-'_-r L/e %2Sur" csc t:' a e"!-

chg f- :tv~ r42 ion pun~p cz:nvtn._a'y provlcLd C%-s ccndlitCii bah

at the start of purn lrj cad dirlng the early p!h::a of bckeout. Al.-*, tharo would 1:e

* a certain oc=,unt of kcnic backztrcoming from ttle purrp even at low premure.

In occoieanca with tho discmsion of section 11, It would not appear reamna~ble to

attribute the aidimsion to ionic or covalent bonding. The ductility of quartz is negli-

gible, so that the area of Intimate contact was prccb~ly only a minute fraction of the

total Interfa~ce. This, coupled with the necessity of precis, near ne%;hbor separation

and orientation, would tend to rule out such forces. However, one cannot make an

absolute statems~nt on this matter. As mentioned o1-ove, under high comprw,.sive loads

properly oriented rocksiat crystals will adhere (compresuive loads had no apparent

effect on adhesion In the present nxperiments). Studies of the frictional properties

of diamonds have shown that the coefficient of friction increases from 0.05 at 76.0

torr to 0.9 at W1O torr with the frictional resistance attributed to the shoaring of

16
* ~microwelds .

* ThU adhesion was most likely due to van der Woals forces or, more specifically,

London dispersion forces. These forces, which produce a universal attraction be-

tween atoms and molecules, produce, as well, an attractive force between solid

bodies. This effect has been directly observed by several Investigators at separa-

tions ranging from 1000 to 10,Oo X using optically polished surfaces. 15, 17 ,18
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jTheir rosu313 coread, within c; ,:,rimentaI error, bw'h wlt tliaz;ct~~ of

Ccs~irnr c.?d Pol,ic 19 whIch : ezsad~tivity of 1`4 Lcnz%`i4 f -cc3~~c'iI;~

vid~ual ". ýcules, and V1h3 f~r czznt zc zii;: of LV%%.~t 0

to the proponents of the latf-ir th•ory, there is no justirication for extcn|d, ts acddi-

tivity of London forces to the o;e of solid bodies. The Lifzhitz approach rmkes no

assumptions about the nature of the Interaction betwon individual atoms, but in-

stead attributes the interaction between macroscopic bodias to the fluctuating electro-

magnetic field which is always present in the intarior of an ao:orbing mc:dum and ex-

tends beyond its boundaries. In any event, both theories predict that for separatlons

less than about 200 9, the attractive force per unit area between flat parallel surfaces

should be proportional to the inverse third power of disiance. This has boon confirmad

by some recent work of ailey2 1 on the attraction between molecularly smooth mica

sheets, although there is some doubt that ionic attraction was entirely eliminated.

2 2 0
Attractive forces of 1100 kg/cm at i0--9 separatlon and 1.5 kg/cm at 100 A were

reported. Unfortunately, It is not possible to make a sensible calculation of the

attraction to be expected between surfaces in optical contact because the distance be-

tween them varies over such a wide range due to surface roughness (approximately 1 50).

Nevertheless, since the separation distance over a large percentage of the interface
0

was probably less than 100 A, vars der Wools forces could easily account for an ad-

2
hesive strength of 14 kg/cm . If smoother surfaces can be produced, a considerably

enhanced adhesion should result.
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In wder tb: 2 c - 7*cZ:kJ c-:-"":ICt Larn'!I tl'-4 surracas fiu~ bo frc of Gra

other € r.t , c• l~r• €•t prc|s u~t be exclud It is not ne:z¢ yto

use a durf:s room, but this would c€rt•inly be helpful and rd¢uce the nunuer of

tsys that ara normally required to obtain a reasonably good bond. For leaoming the

flats, we have Cenerally found it sufficient to wipe them first with acetone-soaked

Ions tissue and then with lens tissue soaked in purified petroleum ether. A chromic

acid solution can be used to remove grease. We have occasionally used a cellulose

acetate tape ovailoble from Ernest F. Fullam, I|c., Schenectady, New York for

removing dust just prior to e-ntacting. This tape is normally used in election micros-

cow surface replicating work. Surfaces are cleaned first in the manner described

above, then tape, softened in acetone, is evenly applied. The tape is removed

when dry and the two surfaces can often be contacted without any apparent dust.

However, pieces of the tape are sometimes left sticking to the surface so that this

method was not used when very high quality contacts were required.

2. Contacting Techniques2

Once surfaces have been cleaned, they must immediately be brought into contact,

otherwse dust will recollect. The seizure of the surfaces, which signals the onset

of optical contact, is achieved by making the two surfaces parallel and pressing

with a normal force of a few pounds per square inch. We have found that this pro-

cess must be carried out manually while observing the interference fringe pattern to

assure parallelism. Since work must be done by hand and eye, results improve
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sl;ywith a~~i 3 In rrzny otA. ff43 t

If rod qs:c:lrntns are to b- Lo,'nzd, it is bt:t to fx? cz7 ..... ta ... r:•.

This pcrmnib ono to z Cz ' iX L:r.n1 croTu'Wy Lv..,'r a ra~c~z.-c.:;;z fzr f'.c; ~

dust and other irrcgularitits. If a whit* light source is clicncd so that tla nmicros-

cope views the reflection from the interface, the area in optical contact will a•zr

block bocause of the almost nwgligible reflectivity. Areas of noncontact caczd by

dust particles will show up clearly as white spacks e•i.p, st this background. Optical

contact is made between the rod-end faces by simply snapping them off teo auxiliary

flats and pressing them quickly together. If a dizk is to be corn•ood to a rod, only

the latter uses an auxiliary flat. In both cases, it is irmortant to carefully rechcck

the contact area of the assombly under a microscop.e.

We have succeeded in making optical contact bands bLtwecn various combinutiens of

the following materials: Pyrex glass, fuzed quartz, single crystal qua rtz, MhOO, KCI,

AI 2 0 3 ,Ge, and YIG - the latter 5 in the form of single crystals. And we hove made

optical contacts between quartz and evaporated layers of gold and permaloy. It would

appear that any two surfaces can be optically contacted if they con be mode suf-

flciently flat and smooth. This observation supports our contention that the bonding

is due to van der Wools forces (in the absence of the ultrahigh vacuum experiment,

it could also support the liquid layer theory).

3. Temporature Cycling Experimnts

Experiments were conducted to dwtermine if optical contact bonds retained their strongth

at low temperature. These experiments have a significance as a critique of the liquid
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dcrny ~ 3ccz!. La u;Ld In Iva tepraur 0%;zcycle uticX.cfs re-

March.

'i+ We lKav •+=•+ +:+t' cjttcal c~n:Z•ct L zn; wcn roe3 of d;kjimtlar n r'ial Lr+k

when cooled, to liquid-nitramn tc•poraturas, and this limits, to some extent, the

pmctical applications of the optical-contact technique. We attribute this break-

age to diff'orcntial thermal expansion since breakage does not occur if the two rods

ore of the so- rrmaterial and crystal orientation. A bonded pair of X-cut quartz rods

and a bonded pair of AC-cut quartz rods were cooled to 1.50K where ultrasonic ex-

periments were performed on them (see section IV, 4. below) and then cycled back

to room temperature. There was no apparent change in the bond as a result. Also,

we have found that thin disks bonded to rods or large flats can be cycled to cryogenic

temperatures even if the larger piece is of a different material. Apparently, the thin

disks can deform and still retain their adhesion.

4. Gigacycle Ultrasonic Experiments

Several optically contacted transducer-sample combinations were supplied to Dr. Paul

Canr of Air Force Cambridge Research Labs who performed experiments on them to de-

termine the reflectivity of the bonds for acoustic waves of 3 and 9 glgacycles (A- 19,500
O 0
Aand 6,500 A respectively). The apparatus and technique employed are described

23
elsewhere . The combinations supplied included:
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(I) X quartz rod bonczd to X quartz red

(2) X quartz dis!,: b:n.d to Z quat rc

(3) X quartz disk LzriAd to ruby rod

(4) AC quartz rod bondod to AC quartz rod

The two rods of the first combination were of different lengths to that echoa from

the bond and from the far end face could be easily distinguishcd. The optic or Z

axes of the rods were aligned to within a few degrees. For Ioroitudinal waves of

3 GC and 9 GC, it was found that less than 1% of the incident acoustic pVwcr was

reflected by the optical contact bond. This is a significant improvement over

standard adhesive bonds which normally transmit only about 1% of the incidcnt power.

It is worth notirn that a small dust particle was trapped batwe-n the rods producing

an area of non-contact over about 1% of the cross sectional area. The observed re-

flectivity could have boen duo almost entirely to this.

The second combination also demonstrated excellent acoustic transmission properties,

although It was not possible to measure directly the bond reflectivity. Or. res-

onance, these disks gave conversion efficiencies of the same order of magnitude as
23

with surface excitation of an X-cut quartz rod in the same cavity . If it is assumed

that the bond thizkness is negligible compared to the acoustic wavelength, the re-

flectivity is given by:

Z(I - Z2
z I + Z2(2)
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and fle rotiývaat cczuý:liýc vo~oi ~. rCTcr~ Ncn (2), t1ho o C -00bywcld 1:3

0.073 Farl~~:'lwv~ Abut a cc, -;s~ wero oblain:J witin cambi-

notion (3) and comndrlre ringing was o5zorvmd. From equation (2), the bond ro-

flectivity should be 0.49, which would not account entirely for th3 poor results.

The quality of the contact was poor; about one third of the interface area was not

In contact and it is believed that there was a rather thick water layer present.

With combination (4) using transverse waves of 3GC and 9GC, the reflection

from the oplical contact bond was about an order of magnitude larger than for

longitudinal waves in combination (1), or about 10%. The AC rods were aligned

by matching up scribe Vnes which were cut in the sides of the rods by the manu-

facturer. However, by using a polarizing microscope, it was found that the rods

0
were actually misaligned by approximately 17 . Letting E represent the amplitude

of the elastic displacement vector, the amplitude of the wave transmitted through

the bond, Et, is related to the amplitude of the incident wave by:

EtaEicos17 =(0.96) Ei.
2

Acoustic power, P, is proportional to E 2

Thus,
2P t =( .6 P, = (0.92) Pi "

Assuming loss is negligible,

Pr " 0.08 PiI a reflectivity of 8%.
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Thus, the larie rcf[oction could havo been due primarily to ttiis mhszl jgnrt rc6'i'

than the brnd itLlf.

Another pair of opticlly ccnfct•d X-cut rc similar to ccr7,'inztin (1) w•ra e,:;d

in a reentrant cavity with rounded posts so that both longitudinal and transvarse waves

could be generated. It was found that the reflectivity for transverse waves was higher

than for longitudinal waves by about a factor of 10, but it is not certain that thare

was perfect crystalographic alignment of the two X-cut rods. The polarizing micro-
O

scope was used to align the Z axes to within 1 . However, with this technique, it

is not possible to distinguish between the +Z and -Z directions. The transverse waves

0 0
are polarized at +30 and -60 with respect to the Z axis. Hence, if the +Z axis of

one rod was lined up with the -Z axis of t~he other, a high reflection would be expocted

at the interface. Thus, the question of whoehor an optical contact bond actually re-

flects transverse waves to a greater extent than longitudinal waves is still open.

5. Extension of the Technical Applications of Optical Contact

With respeOt to low temperature gigacycle ultrasonic work, there are two major

problems which must be overcome before optical contact can be considered a general

solution to the bond attenuation problem. The first is the breakage of the bond when

large specimens of dissimilar materials, joined by optical contact, are cooled to low

temperatures. The sacond is the reflection due to acoustic impedance mismatch at a

bond between dissimilar materiaos (see eq. 2). Fortunately, it may be possible to solve

both problems together by evaporating metal layers onto the surfaces, and contacting

them while still under ultrahigh vacuum. This approach may, in addition, result in

stronger adhesion since metallic bonding should contribute.
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It shVl L2, c-, : %*o a or cic t- cizz-;an paint

lies a few €.reas c6ove It,41ur~n te :. A fllrn of iM' imvil !ixrci rI ras of

dissintl!:r mwrials shu, -,aalva Ot~ot 2L!z' c' If Oals filb is cdza

chcon so as to La of a~i~~ n;c~ accustie impc-4anco, wid a quarter

'wavelength thick, the reflaction frcm the bond can be eliminated.

Section V, below, describos the development of an ultrahigh vacuum evaporator de-

signed to accomplish the above. It can al:o be used for other general evaporation

work, and for depositing double layers of suitably chosen quarter wave films to im-

prove the coupling betweon electromagnetic sources and acoustic waves in ac -
24

cordonce with the recent paper by Haydl et al.

V. DEVELOPMENT OF ULTRAHIGH VACUUM EVAPORATOR

1. Design Considerations

"Considerable effort was expended toward finding the optimum design for a laboratory

Installation which would be suitable for performing optical contact bonding under

ultrahigh vacuum after the deposition of suitable thin films. First, a survey of exist-

ing evaporators was made to determine whether commercially available units would

have sufficient flexibility for the work intended. It was concluded that none of the

units examined fitted the requirements exactly. Consequently, construction of such

a system, using commercially available and tested parts, was undertaken.

Early design centered around the use of Vac-sorb pumps coupled with a large ion pump.

This basic approach was followed in the final model.
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04 Sfe-S of C"D C!'1A-.'_ro c-inp, To~i to c~ld La fio rnzkhng of contct' u,ý% ha

high vacuum codVCr.3

As tho werk pcZra.:d ,i It baca", evident that it would be necce~ry to conidetr flDa

use of maoterials hoving roc!titvely high vapor prcsurcs. Calculatimn showcd fl~t cia

use of an ion pump as tha principal mathod of k tei vacuum dlaslJ Wout'd La

impractical, becatrse of the nocoe.zity for disposinj of large amounts of foreign vapa

produced in the pratezs of evaporation. Furtherr~ore, it was conclue2od that a somao-

what larger system thzn had bassin orl,.,inally c~!dwout! be rc-quircod to aiklvv

adequal~e spacing bchvc~n evupoation source or~d :7a his cen id&r-Von led to

the final adoption of a systam employing a large df'eu~ton pump with a mfvIasrated

baffle, backed by a second diffusion pump Insorttd choad of the fore pump. A dia-

gram of the structure of the main chamber of the syzarn Is shown In Figure 5. Attached

to the mrain chamber are a standard six-inch Hsraeus oil diffusion pump backed by a two-

inch oil diffusion pump and a standard roughing pumip. The main chamber is equipped

with an ionization gauge arJ is also provided with two viewing ports, several side

tubes for the Introduction of manipulators, an E-gun port, and other appurtenances;

necessary for satisfactory operation. The electrical control of the unit Is centered In

a control chassis (swe Figure 6).
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0 ' z pz r:c ) ccx4 ,ý 3 I

* theo tu~p to an~d inclutrv43 flis ~th vzcuum ran'~a kw 10 1to1~r) if

prpr Ou tHer be tckn.

High c=rrt fccr*ou.6s o~o provlei-d in cv~a it is dzsircd to usza rosistance hoot-

Ing of the mataris to be p!acz:d up-n tha suM.I-o, which nzy be desirable with low

melting point ,rreriols. Th1ae srme hIgh current fcod-rov'jIhu can be used for the

introduction of relatively low-frcquency rf power in case Induction heating is de-

sired. Diroct pvovision has bson mdde for inclu3ion of a Varian E-gun type of apparatus.

In the uw of any of the above mathods, relatively good vacuum conditions ore de-

sired, but In nmt cases the ultohigh vacuum range need not be reached. In the high

vacuum range, the chamber should be operated with a neoprene gasket (without re-

frlgeration) and the baffle need not be employed for the average application. To at-

tain ultrahigh vacuum, the gzzket should be refrigerated, and liquid nitrngen placed in

the baffle.

In case sputtering is the desired method of deposition, a positive ion source can be

placed In one of the feed-throughs to the chamber (this has not been Implemented ci

yet) and the conventional technique applied. Here, high pumping speed Is vital, and

the baffle will probebly be useful to increase the effective pumping speed.
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Wavld to Clico' 63 p:•-:c' •;y to La, c-n"nc:•o. S" '0 t pmu .. C.....

and 1 ;ý vc::.-, r pu r. rt rt c vct n -zý : S krýiI Qr C:~n zvC_ t ' pAy to

phase roaction dc-~ltkmi.

2. Mechanical Pf!sl:ýn

The rrmin vacuum cha~n-5xr was censtructad from stdnkcs r , duo to itse€: '

outgomsng perforrainco c.d relktively lw cost. Tho c1tar Is 18" in €im•,

and wilghs ap.roxirntoy I M10 lb. It is provided wIts 1,A'h Current ekcVAkCl f&!-

through (20 amp ratino), multiple cannsctson gcnaral ppzza fd-throt ,, arid Ion-

constantan feed-throu~hs for tOn introduction of tWrn-=oc_-Az, two vlcwiv arts

(2" diameter), and a sfanerd icnizatien guga.

The pumping system Inclu•zs a thormocouple gouge for m•.ntring the fore pre::U.a of

the system, which is Interlocked with the oil diffusion purrp to provent th•ir Laing

turned on under adverse conditions. A pneumatically opcmiod bellows typ* valve

Is Included for Isolating the system from the fore pump. Woter cooling Is provieae

for the oil diffusion pump, and a quench coil Is alh3 Included to allow mpld shut

down of the main pump. The main bell jar, which welilts several hundred pounds,

Is provided with air-operated lifts to allow easy access to tfe chamber Italf. A

photograph of the mechanical arrangemon.: of the complotad system Is shown as

Figure 7.
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-of of t! -1~ -3z C~L~~ n D Pa

Ing rekz/.) a pIapor sequnc. of turn-on arn turn-off for tco symin. For exam p3, the

powv to th, roln diTus•on pum.p Is Intarlockcd both by tho -suply of an ad~qa•te flw

of waft? cind by the prce-Znce of a suit-be fore vacuum. Likowiso, t~he quench coil

In the main diffuslon pum•p Is connectcd in sich a way tOwt in cc€9 of power failure,

water Is automatically introduced into the coil to effact rapid cooling and thereby

minimize damage. Also, a bi-metallic element thermostat is provided to assure proper

cooling water temperature end to automatically turn off the diffusion pump power in

case of ineolquato cooling.

Pressure is measured by the thermocouple gouge and by the ionization gauge, using a

standard commercial ionization gauge control unit. The thermocouple gouge is con-

nected so as to monitor the fore pressure and to prevent operation of the diffusion

purep without an adequate fore vacuum; the circuit employed for this purpose is

shown in FigureSli.

1Te power supply for the E-gun source employed is a standard Varian unit, and is

completely described in the Instruction book for this unit. The only special provision

made In the control circuitry is the provision of an interlock to prevent the E-gun

from being activated unless the fore pressure is adequate and the diffusion pumps are

an.
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4. Performance

The system is designed to operate satisfactorily from the moderate vacuum range to
-8

the range somewhat beyond 10 tort without refrigeration equipment being provided
-10

for the 0-ring seal, and to pressures of 10 torr in case such refrigeration is pro-

vided. Although a refrigerating coil has been incorporated in the system, it has not

been felt desirable to extend the range to the ultrahigh vacuum region until experi -

mental requirements demand it. A standard commercially available manipulator has

been included in the system, but this will have to be replaced later by an improved

design if ultrahigh vacuum performance is required. The system is designed to permit

bake-out (using fibreglass blankets and standard strip heaters) when ultrahigh vacuum

operaticn is desired.

Other than routine leak-checking with a helium leak detector and the repair of leaks

.o revealed, no particular operating problems have been encountered and the per-

,cirrpnce of 'he systern is good.
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APPENDIX I

Study of Tmpped Dust Pirticles
0

Small dust particles (on the order of 1000 A diameter or smaller) ror often

trapped between surfaces In optical contact, and these produce local areas of non-

contact which are readily observed because of the enhanced local optical re-

flectivity. These dust particles also set up large local stresses which, in the case

of pyrex flats, can be readily detected with a polarizing microscope. It is well

known that glass becomes birefringent when stressed. The phase difference be-

tween the ordinary and extraordinary wave being given by

where nI, is the index of refraction for polarization parallel to the lines of stress

and n2 for polarization perpendicular to the stress lines (n2 n,); d is the thick-

ness of the birefringent medium. The equation can also be written as:

-13

where C is the relative stress optical coefficient and varies between 1 x 10 and
-13 2/

10 x 10 cm /dyre for common optical glasses. T is the stress.

Because of the circular symmetry, one sees a four lobed star pattern, the nodes be-

ing at multiples of 900 with respect to the direction of the analyser. We were able

to determine ft t the phase difference was less than IT. If it is assumed that the de-
-2

formation is spherically symmetric, leading to an effective d on the order of 10 cm.,
to 2

we obtain 10 dynes/cm for the stress. This matter was not pursued further, and

the exact significance of the results is not clear. Nevertheless, it should be re-

co~gnized that small dust particles can be used as a quasi microscopic probe for invest;-

....'r adheson forces between surfaces.
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